ABSTRACT An emulsiÞable concentrate (EC) and granular (G) formulation of the entomopathogenic fungus, Metarhizium brunneum strain F52 (formerly Metarhizium anisopliae strain F52) were tested against unfed adults and nymphs of Ixodes scapularis Say in the laboratory. Three exposure methods; dip, surface contact, and direct spray application, and three exposure time intervals (3, 30, and 300 min) were used to evaluate the EC formulation. Application rates ranged from 2.6 ϫ 10 2 to 2.6 ϫ 10 8 conidia/cm 2 . The surface treatment was used for granular formulation with concentrations ranging from 2.3 ϫ 10 5 to 2.3 ϫ 10 7 conidia/cm 2 for same three exposure times. Both the EC and G formulations of this fungus were highly pathogenic against I. scapularis adults and nymphs. Logistic regression analysis found formulation, spore concentration, time of exposure, and observation period were signiÞcant or highly signiÞcant factors inßuencing tick mortality. For adult I. scapularis, the spray application with the EC formulation of M. brunneum F52 resulted in a lower LC 50 (5.9 ϫ 10 4 conidia/cm 2
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. The surface treatment was used for granular formulation with concentrations ranging from 2.3 ϫ 10 5 to 2.3 ϫ 10 7 conidia/cm 2 for same three exposure times. Both the EC and G formulations of this fungus were highly pathogenic against I. scapularis adults and nymphs. Logistic regression analysis found formulation, spore concentration, time of exposure, and observation period were signiÞcant or highly signiÞcant factors inßuencing tick mortality. For adult I. scapularis, the spray application with the EC formulation of M. brunneum F52 resulted in a lower LC 50 (5.9 ϫ 10 4 conidia/cm 2 ) at 30 min than surface exposure to the EC (LC 50 ϭ 1.3 ϫ 10 6 conidia/cm 2 ) or G formulation (LC 50 ϭ 8.1 ϫ 10 5 conidia/cm 2 ). At higher concentrations, fungal activity was evident in adult I. scapularis held at 5ЊC suggesting the fungus may provide control in the cooler fall season. While the observed pathogenicity of a fungus against ticks can be dependent upon the bioassay assessment, we found nymphs and adults of I. scapularis to be highly susceptible to M. brunneum F52, regardless of the exposure method used.
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Ixodes scapularis Say, the blacklegged tick, is the principal vector of Borrelia burgdorferi, Babesia microti, and Anaplasma phagocytophilum in the United States; the pathogens that cause Lyme disease, human babesiosis, and human granulocytic anaplasmosis, respectively. Lyme disease is the leading arthropod-associated disease in the United States with over 248,070 human cases reported to the Centers for Disease Control and Prevention (CDC) during 1992Ð2006 (CDC 2008) . Tick management, particularly for Lyme disease, has focused largely on the use of chemical pesticides, landscape management, and host-targeting methods (Stafford and Kitron 2002 , Ginsberg and Stafford 2005 , Piesman and Eisen 2008 with pesticides still the most effective and commonly used methods for tick control (Stafford 1997) . However, chemical control has potentially high ecological costs, and acceptance by the public may be low (Gould et al. 2008 ). All of these factors have led to a search for safer and less toxic alternatives including natural compounds and the use of tick parasitoids or pathogens.
Entomopathogenic fungi, particularly Metarhizium anisopliae sensuo latum (Metschnikoff) Sorokin and Beauveria bassiana (Balsamo-Crivelli) have been used around the world for many years for the control of various insect pests (Faria and Wraight 2007) . Both fungi are considered to be safe with minimal risks to vertebrates, humans and the environment (Zimmermann 2007a, b) . Several entomopathogenic fungi have been developed as mycoinsecticides and some are currently available for managing selected arthropod pests (Butt et al. 2001 , Zimmermann 2007b . A number of fungi are associated with ticks naturally and may play a role in regulating tick populations in nature (Saminakova et al. 1974 ), though recovery rates are low (Tuininga et al. 2009 , Greengarten et al. 2011 . Fungi that have been isolated from ticks include Isaria farinosa (formerly Paecilomyces farinosus), Lecanicillium (formerly Verticillium) lecanii, and Beauveria bassiana (Samish and Rehacek 1999, Greengarten et al. 2011) . M. anisopliae, which causes green muscardine disease in insects, is highly pathogenic to I. scapularis in both laboratory (Zhioua et al. 1997 , Samish 2001 , Kirkland et al. 2004a and Þeld settings (Benja-7.4 ϫ 10 3 to 7.4 ϫ 10 7 conidia/ml for adults and nymphs, respectively. One milliliter of each concentration was applied by pipet into 6.0 cm ϫ 1.5 cm petri plate Þtted with Þlter paper (Whatman No.1, 5 cm diameter). One milliliter of each EC concentration corresponded to a rate of application of 2.6 ϫ 10 2 to 2.6 ϫ 10 8 conidia/cm 2 , respectively. Five ticks (three females and two males) were added into petri plates and allowed to crawl on the paper for three exposure time intervals: 3, 30, or 300 min. In the case of nymphs, 12 nymphs were added into petri plates and allowed to crawl about for the same time intervals. With the third method, a spray treatment, the concentrations ranged from 7.4 ϫ 10 6 to 7.4 ϫ 10 7 and 7.4 ϫ 10 3 to 7.4 ϫ 10 6 conidia/ml for adults and nymphs, respectively. Five (three females and two males) adults or 12 nymphs were placed in petri plates with Whatman Þlter paper, sprayed with 1 ml of each of the appropriate concentration with spray bottle held at Ϸ10.2Ð 12.7 cm, and were left for 3, 30, or 300 min for the adults and 3 or 30 min for the nymphs. Tween 80 (0.02%) without conidia was used for the controls in all three treatment methods. All trials were independently replicated three times.
In the case of the G formulation, there were three application rates (2.6 ϫ 10 5 , 2.6 ϫ 10 6 , and 2.6 ϫ 10 7 conidia/cm 2 ) for both adults and nymphs of I. scapularis. In each trial, a weighed amount of granular material was applied to 28.3 cm 2 Þlter paper saturated with 1.0 ml water in petri dishes (6.0 cm ϫ 1.5 cm). This corresponds to 0.022, 0.220, and 2.220 g of the formulation on Þlter paper resulting in exposure to Ϸ1, 11, and 114 granules, respectively. The granules were rehydrated for 30 min per manufacturer instructions. For each application rate, Þve adult ticks (three females and two males) or 12 nymphs per plate were allowed to crawl for 3, 30, and 300 min in three replicates. The experiment was repeated and the data of the two sets were merged (i.e., six replicates/treatment) as no signiÞcant differences (z ϭ Ϫ0.0751, P ϭ 0.940) were observed in the proportion surviving between the two groups. The controls were the same as the treatments without the fungus formulation.
Following each experiment, four ticks (two females and two males) and 10 nymphs were transferred individually into 2.0 ml vials with screened lids. Vials were incubated for 4 wk in a desiccator over water at 25 Ϯ 1ЊC and Ͼ90% RH. The high relative humidity is required for optimal survival of both I. scapularis (Stafford 1994) and sporulation of M. anisopliae (Daoust and Roberts 1983b) . Ticks were observed weekly for mortality and mycosis for 4 wk.
One female tick or two nymphs from each treatment (i.e., dip, surface, spray, and granule at the various concentrations and exposure times) were immediately transferred into a centrifuge tube containing 0.5 or 0.3 ml of distilled water. The tubes were vortexed two times for 30 s and aliquots were later checked to count the number of nonadhered conidia washed from each adult and nymph by hemacytometer. Each tick and nymph from which the conidia were recovered were transferred in separate vials and kept in a desiccator as mentioned previously and observed for development of mycosis.
Adults of I. scapularis are active in the fall, the warmer days of winter, and spring (Daniels et al. 1989, Stafford and Magnarelli 1993) . To study the effect of low temperature on the activity of the fungus against the adult ticks, Þve individuals per plate and three plates per concentration and exposure time were sprayed with the EC formulation (concentrations ranging from 7.4 ϫ 10 3 to 7.4 ϫ 10 6 conidia/ml, corresponding to a rate of application from 2.6 ϫ 10 2 to 2.6 ϫ 10 5 conidia/cm 2 ) as mentioned above. One tick was removed from each plate as noted above and the remaining ticks then were transferred individually into 2.0 ml vials with screened lids and placed in a desiccator over water at Ͼ90% RH and 5ЊC for 6 wk. The ticks then were transferred and held at 25ЊC for four more weeks to approximate a warming period and were observed weekly for mortality and development of mycosis. All trials were independently replicated three times.
Statistical Analysis. Percent mortality in ticks (corrected for control mortality) was calculated using the following modiÞcation of AbbottÕs formula (Henderson and Tilton 1955): % mortality ϭ 100 (1-X c Y t /X t Y c ) where, X c and X t are the pretreatment counts in the control and treatments, respectively, with Y c and Y t the posttreatment counts in the same respective treatments. A separate logistic regression (SYSTAT, Point Richmond, CA) was performed for each stage of the tick, formulation, and method of exposure. Concentration, time of exposure, and observation period posttreatment were the factors examined in the logistic regression model. The LC 50 and the LC 90 , which may be more relevant to estimating possible Þeld application rates, were calculated for adults and nymphs with each formulation using EPA probit analysis program version 1.5 or ProStat version 4.81 (Poly Software International, Inc., Pearl River, NY). The number of conidia recovered in different treatments was compared by KruskalÐWallis one way analysis of variance (ANOVA) on Ranks (SigmaStat 3.1, Systat Software Inc., Point Richmond, CA).
Results
Tick Testing. M. brunneum F52 was pathogenic to I. scapularis adults and nymphs. However, mortality varied with exposure method, spore concentration, exposure time, and posttreatment observation period. While it was not possible to make direct statistical comparisons between the dip, surface, and spray evaluation methods, there was a notable difference in the resulting survival curves and LC values (Fig. 1a) . Percent mortality rose with increasing concentration and time posttreatment (Fig. 1b) . The logistic regression analysis showed that concentration, exposure time, and week of observation were major variables impacting tick mortality with the EC formulation. In the dip test with adult I. scapularis, we found that concentration (P Յ 0.0001) and week of observation time (P Յ 0.0001) were highly signiÞcant variables impacting tick mortality (Fig. 2) . In our evaluation of the spray exposure on adult I. scapularis, concentration and exposure time were highly signiÞcant (P Յ 0.0001), while the time posttreatment made no difference in the mortality assessment (P ϭ 0.238). With surface exposure, all three variables (concentration, exposure time, and posttreatment observation time) were highly signiÞcant (P Յ 0.0001). Similarly, for the I. scapularis nymphal surface and spray treatment trials with the EC, concentration (P Յ 0.0001) and exposure time (P Յ 0.0001) were highly signiÞcant factors. Week of observation (P ϭ 0.0005 and P ϭ 0.027 for surface and spray, respectively), also signiÞcantly inßuenced mortality assessments.
A closer examination of the dose-mortality data for adult I. scapularis (Tables 1 and 2) shows more rapid mortality with increasing concentration for each observation period. For example, in the dip experiment with adult ticks, only 8.3% mortality was recorded after 4 wk of exposure at the lowest concentration tested (7.4 ϫ 10 5 conidia/ml), increasing to 83.3% at 4 wk at the next concentration tested, 83.3% within 2 wk at 7.4 ϫ 10 7 conidia/ml, and 100% mortality within 1 wk a concentration at 7.4 ϫ 10 8 conidia/ml (Table 1) . Mycosis was not evident until after 1 wk posttreatment. There was no mortality in the controls in the dip experiment. Percent mortality in the surface and spray assessments also increased with concentration and time of exposure (Tables 2 and 3 ). In some cases, there is an apparent threshold affect with mortality rapidly increasing from 0 to 100% over a concentration of only one or two orders of magnitude, particularly at longer exposure times. The spray treatment resulted in mortality at lower concentrations than surface (i.e., contact) exposure to the fungus alone. For example, in the spray treatment with adults, 2.6 ϫ 10 5 conidia/cm 2 resulted in 100% mortality 3 wk postexposure with all the three exposure durations (Table 2) . By contrast, the same rate of application with the surface treatment resulted in only 0 Ð17% mortality 4 wk posttreatment for all the three exposure times. With the 300 min exposures to the EC, 100% mortality was observed across most fungal rates tested for all observation periods, except at the lowest concentrations tested (2.6 ϫ 10 5 for the surface treatment and 2.6 ϫ 10 2 through 2.6 ϫ 10 4 for the spray treatment). Mortality in the controls ranged from 0.0 to 16.7% at 300 min exposure (except for 25% mortality in 300 min at week 4).
There was increased variability in mortality in the surface and spray treatments with I. scapularis nymphs as opposed to the adult ticks (Table 3) . Similarly, there was variable mortality in the controls. Generally, mortality ranged from 6.9 to 26.7% with the exception of 40.0 Ð53.3% mortality in several 30 min replicates. A couple of additional application rates were added because of an apparent threshold effect between 10 5 and 10 6 conidia/cm 2 to calculate LC values. The spray treatment observations for the nymphs were inconsistent with variable mortality across all concentrations tested, and LC values could only be determined for the 30 min trial (LC 50 ϭ 1.3 ϫ 10 5 conidia/cm 2 ). There was 100% mortality by week 2 for the 300 min surface exposure. Similarly, mortality was more variable across dose and exposure time with the granular formulation (Table 4 ) and could not be Þt to the logistic regression model. This may be because of the variability in contact with the test granules by individual ticks; that is, conidia are particles that must physically contact the ticks. There was no indication of any notable difference between nymphal and adult stages in sensitivity to this formulation of the fungus. The granular formulation of M. brunneum F52 could be potentially effective against both stages of I. scapularis (Table 4) if increased tickÐ granule contact could be achieved.
The LC 50 and LC 90 values at 4 wk posttreatment to the EC formulation are presented in Table 5 . In the dip experiment, the LC 50 for adult I. scapularis was 2.9 ϫ 10 6 conidia/ml with a nearly 10-fold increase in concentration needed to kill most of the ticks (LC 90 ϭ 1.0 ϫ 10 7 conidia/ml). The LC 50 and LC 90 values for the spray treatment for adult ticks were lower than that for either the dip or surface EC treatments and the granular treatment. Although a laboratory LC 90 obviously does not factor in Þeld application and environmental exposure issues, the LC 90 may provide a good Þrst approximation of the concentration needed to achieve satisfactory control in the Þeld. However, these higher application rates could be cost prohibitive. Depending upon the method of exposure, the LC 90 values across most experiments were roughly 4 Ð10 times or more than the corresponding LC 50 values (Table 5) (Table 5 ). The adult ticks appeared to be slightly more sensitive to the fungus with lower LC values than the nymphs, although this was not consistent across all test combinations. By contrast, in the granular trial, mortality was highly variable and there was no signiÞcant difference between the LC 50 post 4 wk for adults for three and 30 min given the large 95% conÞdence limit.
In the study with the EC formulation on the effect of low temperature on M. anisopliae efÞcacy, we found that 5ЊC reduced, but did not inhibit fungal activity at the highest concentrations tested (Table 6 ). However, with one exception, no mortality was observed with 2.6 ϫ 10 3 to 2.6 ϫ 10 4 conidia/cm 2 for all of the three conidia/cm 2 after ticks were transferred to 25ЊC, but it was low ranging from 8.3 to 30.0%, except at 3 min exposure with 2.6 ϫ 10 4 conidia/cm 2 resulting in 66.7% after 12 wk suggesting a threshold inoculum for infection. At 2.6 ϫ 10 5 conidia/cm 2 , mortality increased for each exposure time at 5ЊC and 25ЊC.
Recovery of nonadhered conidia from the ticks, for either the EC or granular formulation of Metarhizium, was highly variable, but some trends were evident for the EC (Fig. 3) . The spore counts in the dip, surface, and spray treatments with adult I. scapularis ranged from 0 to 1,650; 0 Ð7500; 8,611.1Ð35,625 per tick, respectively. The range of conidia recovered from ticks in granular formulation was 833.3Ð163,750 for adults and 5,500 Ð110,750 for nymphs, which may reßect a larger infectious dose upon contact with a granule. In both the surface and spray treatments with an EC formulation, there was no signiÞcant difference between the numbers of conidia recovered from the three exposure times (n ϭ 12, H ϭ 0.964, df ϭ 2, P ϭ 0.617 and n ϭ 12, H ϭ 0.570, df ϭ 2, P ϭ 0.752; KruskalÐWallis one way ANOVA on Ranks), but there was a signiÞcant difference between the number of conidia recovered from the different concentrations Ticks were held at 5ЊC for the Þrst 6 wk and then at room temp for 5 more wk.
February 2012 BHARADWAJ AND STAFFORD: SUSCEPTIBILITY OF TICKS TO M. brunneumfor both the surface (n ϭ 9; H ϭ 12.502; df ϭ 3; P ϭ 0.006) and spray treatments (n ϭ 9; H ϭ 8.297; df ϭ 3; P ϭ 0.040). For the same exposure time, more conidia were recovered from adult ticks exposed to the granular formulation as compared with EC. The number of conidia recovered from adult and nymphal ticks for these different time exposures to the granular formulation was not statistically different (n ϭ 18, H ϭ 0.746, df ϭ 2, P ϭ 0.689 and n ϭ 9, H ϭ 0.268, df ϭ 2, P ϭ 0.874; KruskalÐWallis one way ANOVA on Ranks), but the number of conidia recovered by concentration was highly signiÞcant (n ϭ 18, H ϭ 34.373, df ϭ 2, P Յ 0.001, and n ϭ 9, H ϭ 19.833, df ϭ 2, P Յ 0.001). The development of mycosis in these ticks ranged from 33.3 to 88.9%, depending on formulation, concentration, and exposure time. No fungi were observed in the untreated nymph and adult controls.
Discussion
Both the emulsiÞable concentrate and granular formulations of M. brunneum F52 were highly pathogenic against adults and nymphs of I. scapularis. Tick mortality varied between formulation, method of exposure, and stage of tick, but we found concentration, time of exposure, and the posttreatment observation period were highly signiÞcant factors in evaluating pathogen efÞcacy. These factors generally are not standardized in evaluations of different fungal strains, but most researchers have used a 4 wk posttreatment observation period in assessing tick morbidity and mortality. Consequently, results reported in the literature in evaluating the efÞcacy of a particular strain of an entomopathogenic fungus can be dependent upon the techniques used, making comparisons between published studies more problematical unless the various strains of species of various fungi are directly compared within a single study such as (Wraight et al. 2010 ). Nevertheless, M. brunneum F52 appears to be more pathogenic to I. scapularis adults than strains of M. anisopliae that have been evaluated elsewhere. In our study, a 3 min exposure with F52 at 7.4 ϫ 10 6 conidia/ml resulted in 100% mortality within 3 wk postapplication with an LC 50 of 1.7 ϫ 10 6 conidia/ml (ϭLC 50 5.9 ϫ 10 4 conidia/cm 2 ). By contrast, Benjamin et al. (2002) and Hornbostel et al. (2004) found that a concentration of 4 ϫ 10 9 conidia/ml was required to produce 96% mortality after 4 wk with M. anisopliae ESC1 with an LC 50 of 10 7 conidia/ml. Kirkland et al. (2004b) obtained only Ϸ60% mortality with M. anisopliae ATCC 20500 at 4 wk with 10 8 conidia/ml. Our observed LC 90 of 1.2 ϫ 10 6 conidia/cm 2 for adult I. scapularis in the spray study was similar to the application rate with M. anisopliae ESC1 tested against adult I. scapularis ticks in the Þeld by Benjamin et al. (2002) , which resulted in 53% mortality in recovered adult ticks because of mycosis. However, it is unknown how ticks in the Þeld are exposed to the conidia (e.g., direct exposure or subsequent surface contact). In addition, host exposure to the conidia is reported as conidia per milliliter and less frequently as an application rate in conidia per unit area. Sometimes it is not possible to transform concentration values to application rates. For example, we feel the dip test may be a useful tool for initially screening efÞcacy of a fungal strain, but the test results are not easily converted to an application (i.e., per unit area) rate for initial Þeld studies. The spray method resulted in faster mortality in the ticks at the same concentration or a similar mortality at lower concentrations as compared with exposure only by surface contact. This suggests that tick mortality would be higher for questing ticks at the time of application and lower for ticks subsequently exposed to residual conidia on treated surfaces.
We found that, in general, at the same rates of application, the granular formulation of M. brunneum F52 was less effective in these laboratory tests than the EC formulation. The duration of exposure did not appear to be a signiÞcant factor in tick mortality and our data do not indicate a difference in susceptibility between the nymphal or adult stage to the fungus. The nonuniform distribution and relatively low density of the granular formulation is likely responsible for the observed variability in tick mortality to M. brunneum regardless of the application rate or exposure time. Granules per unit area or volume of tick habitat rather than number of conidia are the determining factor for fungal infection. Ticks may either come in contact with the granule and receive a large infectious dose or completely miss exposure to the granule because of the coarse distribution of the rice grain in the environment. A Þner granule distribution would be necessary to improve exposure to the granules. Alternatively, the incorporation of pheromones with toxicants have been proposed to improve efÞcacy of various acaricide formulations by luring host seeking ticks to a toxicant (Sonenshine 2004) , which in this case would be the biopesticide M. brunneum. An assembly or arrestment pheromone has been identiÞed for I. scapu- plus, with an LC 50 of 10 5 conidia/ml. While the method used to expose the host to the fungus and then assess the efÞcacy of a particular fungal strain against I. scapularis in the laboratory will inßuence estimates of mortality, we and other researchers have found that M. anisopliae or M. brunneum is highly pathogenic to all motile stages of I. scapularis, unfed as well as engorged, and thus has considerable potential as a microbial control agent (Zhioua et al. 1997 , Samish 2001 , Benjamin et al. 2002 , Kirkland et al. 2004b ). This study and our earlier Þeld trials with this isolate (Bharadwaj and Allan 2010) suggest that entomopathogenic fungi could be another tool in an integrated tick management program, particularly for those who seek alternatives to synthetic chemical acaricides to control I. scapularis.
